The current epidemic of obesity demonstrates that mechanisms for maintaining human energy balance are readily subverted by adverse environmental conditions. The critical elements of this dysregulation are poorly understood. Most previous research into what regulates the intake side of the energy balance equation has been handicapped by the use of short-term within-day experimental tests. Objective: We enrolled six non-obese men to a 17-week protocol involving three 21 days periods of progressive overfeeding ( þ 20, þ 40 and þ 60%) separated by free diet periods to test for compensatory satiety. Results: Responses to overfeeding differed markedly with evidence of 'compensators' and 'non-compensators', but on average, subsequent food intake was stimulated rather than suppressed after overfeeding in spite of markedly elevated body fat ( þ 13%) and fasting leptin ( þ 116%).
In adult humans living traditional lifestyles, with high levels of physical activity and diets of low energy density, homeostatic mechanisms tend to maintain a stable body weight from year to year even in the face of annual cycles of feast and famine. 1, 2 Our understanding of the neural and endocrine feed-back loops that maintain this energy balance has been greatly enhanced by basic research over the past decade. 3, 4 A key finding arising from these discoveries is that the orexigenic (e.g. NPY, PYY, orexins A and B, ghrelin) and anorexigenic regulators (e.g. leptin, CCK, GLP1) of energy intake are more vulnerable to disruption than the physiological regulators of energy expenditure. 5, 6 In contrast to the rapid progress at the molecular level, our understanding of precisely how the modern obesogenic environment so readily undermines the innate control of energy balance has progressed remarkably little and, although some epidemiological studies have linked dietary energy density or low levels of physical activity with weight gain, the data are not consistent. 7 One reason is that almost all appetite research has employed very short-term experimental approaches involving the 'pre-load and test-meal' paradigm often performed within a single day. We describe here a 17 weeks study of episodic overfeeding of lean young men. The protocol was designed to investigate the efficiency of compensatory mechanisms and used progressively greater levels of overfeeding to test for possible response thresholds. Six weight-stable, non-obese men with no history of dieting were recruited following informed written consent (age ¼ 43.3710.6 years, body weight ¼ 69.078.8 kg, body mass index ¼ 21.971.3 kg/m 2 , fat mass ¼ 14.376.6 kg). All were in good health, had no family history of diabetes or heart disease, habitual alcohol consumptions of o80 g/week, no food intolerances and were not on medications likely to affect energy metabolism or appetite. The study was approved by the Ethics Committee of the MRC Dunn Clinical Nutrition Centre, Cambridge.
The men slept and ate within a long-stay metabolic 'hotel' throughout the 17 weeks study which included seven phases: baseline (3 weeks); þ 20% overfeeding (OF) (3 weeks); free diet (1 week); þ 40% OF (3 weeks); free diet (1 week); þ 60% OF (3 weeks) and free diet (3 weeks). One subject did not complete the final OF period. During baseline, each subject's habitual energy requirements were measured by titrating intake to establish constant body weight. The volunteers received instructions to maintain their habitual level of physical activity and deliberate exercise was not allowed. Initial physiological and metabolic measurements were performed.
In the baseline and OF periods, subjects received a controlled intake of three meals per day on a 4-day rotating menu. To ease consumption during OF, the energy density of the diet was raised by increasing the fat content (baseline ¼ 41% fat by energy; þ 20% OF ¼ 43%; þ 40% OF ¼ 46%; þ 60% OF ¼ 48%). Protein content was held constant at 12-13% energy and the proportion of carbohydrate varied reciprocally with fat. During the free diet periods, subjects ate ad libitum from the same preweighed diets provided at similar levels of excess as in the preceding OF periods. Subjects were provided with daily food rations and allowed to eat freely according to their own eating habits (time, amount) but they were not allowed to request additional food. All uneaten food was measured in order to calculate total intake. The diets were designed to reflect normal British foods and to avoid excess palatability.
Body fat was estimated using a four-compartment model by combining dual-energy X-ray absorptiometry, air-displacement plethysmography and stable-isotope dilution methods. 8 Fasting leptin (Linco-RIA) and ghrelin (Linco-RIA) were measured at the end of the baseline and each OF period and at the end of the study. The Wilcoxon test for paired samples was used to test for statistical significance. Variance component analysis was used to compare between-versus within-subject variance during the free-diet periods. Figure 1 shows average energy intakes for the group over the 17 weeks protocol together with the gain in body fat. Body fat increased progressively to reach þ 3.371.6 kg ( þ 12.5%) at the end of 60% OF; equivalent to a net gain of 122 MJ (or 10 times their daily energy turnover). By the end of the final 3 weeks free diet period, it had declined slightly to þ 2.271.5 kg. The energy intake data plotted in Figure 1 show that, on average, there was an absence of compensatory adjustments to the energy overload. Mean ad libitum energy intake increased relative to baseline following the 20% OF ( þ 57872282 kJ/day) and 40% OF ( þ 108373508 kJ/day) but was modestly decreased after 60% OF (À26872403 kJ/day). Mean energy intake during ad libitum periods was not significantly different from baseline. Figure 2 shows each individual's average intake during the three free diet periods. Even within this small group of subjects there were profound interindividual differences allowing a clear differentiation of 'compensators' and 'noncompensators'. Subjects who compensated well during the first free diet period were the same subjects who compensated well in subsequent periods (ANOVA for between-versus within-subject analysis over all three ad lib periods Po0.0001).
Leptin levels at the end of baseline, each OF period and the final free diet period were 2.871.7, 3.572.5 (P ¼ 0.17 versus baseline), 4.973.8 (P ¼ 0.04), 6.173.5 (P ¼ 0.04) and 3.172.1 ng/l (P ¼ 0.27). Expressed as percent change relative to each subject's baseline, these correspond to 070, þ 19725, þ 74723, þ 116719 and þ 9736%. Corresponding ghrelin levels were 1145.37305.1, 997.87380.1 (P ¼ 0.22), 845.67261.6 (P ¼ 0.10; insufficient sample volume from two subjects), 901.37186.4 (P ¼ 0.04) Variability of appetite control mechanisms in response to OF SA Jebb et al and 984.57178.8 pg/ml (P ¼ 0.22). Expressed as percent change, these were 070, À13728, À2676, À21715 and À14718%.
These reciprocal changes in the long-term anorexigenic hormone, leptin, and the short-term orexigenic hormone, ghrelin, would be predicted to initiate an autoregulatory suppression of energy intake in the free-diet periods following OF. However, on average, this did not occur suggesting that the physiological response was inadequate to compensate for the OF. This is consistent with the concept of an 'asymmetry in appetite control 9 in which the adaptive benefits of rapid fat acquisition have led to the evolution of weaker satiety than hunger signals. 10 Modern society provides many periods of feasting (religious and secular celebrations, holidays, conferences, etc.) but a virtual absence of the reciprocal hardships that would have been experienced by our ancestors. 11, 12 The current study graphically illustrates how such episodes of overeating can result in a stepwise increase in body fat stores that goes unregulated by innate physiological signals. It showed that individual subjects had a differential ability to compensate for imposed OF highlighting an interindividual susceptibility to weight gain in an environment where food is plentiful.
The study provides no information as to whether the compensators achieved their control via innate or cognate mechanisms, or a combination of the two. Public health messages need to raise awareness of the cumulative consequences of short periods of energy excess, and the need to impose subsequent cognitive dietary restraint in place of our weak in-built homeostatic controls.
